Adsorbed layers of pancreatic RNase A on molecularly smooth mica in aqueous solution attract inorganic mica surfaces whereas they repel similarly adsorbed RNase A layers. As the clean mica surface is covered with RNase A, the attractive interaction slowly diminishes with time and eventually converts to a purely repulsive interaction. Solvent is squeezed out of the solution in the gap during compression of the two surfaces so that the adsorbed protein concentration, as measured directly by the refractive index, increases significantly. The kinetics of this process is analyzed using surface force-distance measurements. All these results are predicted for constrained equilibrium by a discrete lattice model [Scheutjens, J. M. H. M. & Fleer, G. J. (1985 ) Macromolecules 18, 1882-1900. Reasonable values are obtained for the constants of the model. We also report on the equilibrium behavior and interaction of densely adsorbed RNase A layers in aqueous solutions of varying ionic strength and pH. With increasing ionic strength, intramolecular forces dominate with diminished electrostatic repulsion. Thus, the adsorbed protein layer becomes more compact while unattached protein molecules coil and fold, making them less likely to form strong intermolecular bridges. Only at very low ionic strength (0.1 mM KCI), when electrostatic forces dominate, does the membrane potential model come dose to predicting the longdistance repulsive behavior. Thus, at higher ionic strengths, other non-electrostatic interactions (such as hydrophobic interactions) possibly dominate. An increase in the pH of the solution from 5 to 9.2, the pI of RNase A, significantly reduces the electrostatic repulsion between protein molecules in favor of hydrophobic attractive interactions. This results in lower short-range steric repulsion. However, in contrast to the ionicstrength effect, an increased long-range repulsive force with a much longer decay length is observed. This may be due to contaminants such as DNase that have their pI at a pH other than 9.2. Thus, as with the changing-ionic-strength study, thinner and denser adsorbed layers are formed. Finally, for the kinetic studies, two characteristic length scales-the thickness of the adsorbed layer and the "jump-in" distance-vary linearly with the square root of time. This is consistent with our earlier results and once again implies a diffusion-driven process.
increasing ionic strength, intramolecular forces dominate with diminished electrostatic repulsion. Thus, the adsorbed protein layer becomes more compact while unattached protein molecules coil and fold, making them less likely to form strong intermolecular bridges. Only at very low ionic strength (0.1 mM KCI), when electrostatic forces dominate, does the membrane potential model come dose to predicting the longdistance repulsive behavior. Thus, at higher ionic strengths, other non-electrostatic interactions (such as hydrophobic interactions) possibly dominate. An increase in the pH of the solution from 5 to 9.2, the pI of RNase A, significantly reduces the electrostatic repulsion between protein molecules in favor of hydrophobic attractive interactions. This results in lower short-range steric repulsion. However, in contrast to the ionicstrength effect, an increased long-range repulsive force with a much longer decay length is observed. This may be due to contaminants such as DNase that have their pI at a pH other than 9.2. Thus, as with the changing-ionic-strength study, thinner and denser adsorbed layers are formed. Finally, for the kinetic studies, two characteristic length scales-the thickness of the adsorbed layer and the "jump-in" distance-vary linearly with the square root of time. This is consistent with our earlier results and once again implies a diffusion-driven process.
Proteins are the most abundant organic molecules in the cell and hence their interactions in solution and at interfaces are of crucial importance in understanding cell function. Knowledge of the intermolecular forces such as those involved in protein folding (1) , enzyme catalysis (2) , catalytic antibodies (3, 4) , ligand-receptor interactions (5) , antibody-antigen interactions (6) , and protein adsorption at solid interfaces (7) would provide an increased understanding of these processes. The behavior and stability of proteins during adsorption onto solid surfaces such as biological membranes or organelles depend on their molecular properties and those of the surface and the solution.
In a related study (8) , we proposed a molecular model to explain the increasing activity of RNase A (13,690 Da) during adsorption onto molecularly smooth mica when compared with its activity in free solution at pH 5 and 20 + 0.50C. The results presented here are a continuation ofthat work. We are interested in understanding the behavior of proteins at solidliquid interfaces. In this report, we study the kinetic behavior of an adsorbed RNase A layer after reaching maximum coverage with a clean mica surface, and with a similar adsorbed layer under different solution conditions such as varying ionic strength and pH. Focus here is also on the changing intermolecular forces with time rather than on enzyme activity as was discussed earlier (8) . We invoke two theoretical models to help explain the changing forces with time and separation distance. THEORY Self-Consistent Mean Field Approach. Using a discrete lattice model, Scheutjens and Fleer (9) predicted interaction curves between polymers adsorbed on two parallel surfaces. Under equilibrium conditions, where the polymer and solvent can leave the gap during compression, the interaction between the plates is always found to be attractive (9, 10) . On the other hand, where the polymer is not able to escape and the density increases as the distance between the plates decreases, an additional repulsive force results (9, 10) . For this constrained or restricted equilibrium case, Scheutjens and Fleer (9) predicted a minimum in the free energy at low solution concentrations and a repulsion at high concentrations. Thus at very large distances the interaction force between the surfaces is zero, whereas at very short distances when all the solvent has been squeezed out from the gap, the repulsive force becomes infinite. They predicted for different fractional coverages of polymer B Emin = +Am [1] where Emin (j.N-m-l) is the minimum interaction free energy per unit area; Dn,,n (nm) is the separation distance at the energy minimum; A is a positive, zero, or negative constant for good, 0, or poor solvents, respectively; and B is a constant nearly proportional to -1.8kT for 100 segments per polymer chain for a hexagonal lattice. An excellent summary of the different theoretical approaches has been given by Ploehn and Russel (11 [3] where N is the density offixed charge groups contained in the surface layer, e is the elementary electronic charge, and z is the valence of fixed charge groups contained in the adsorbed layer. For high-resistance (18 Mfl), organic-free (<10 ppb total organic carbon) water was prepared in two steps. The pretreatment step used spiral-wound reverse osmosis, activated carbon adsorption, and ion exchange. The "polishing" step used double UV radiation, double ion exchange, and double ultrafiltration. All solutions were prepared in a dust-free laminar-flow hood. Muscovite mica was purchased from Asheville-Schoonmaker Mica, Newport News, VA.
Surface Force-Distance Measurements. The most direct method for determining the distance dependence of interaction forces between surfaces as they undergo close approach is the crossed-mica-cylinders technique (14, 15) . Combining the apparatus containing the two crossed mica cylinders with a detection system using multiple beam interferometry provides an extremely powerful tool-the "surface forces apparatus" (SFA)-for studying interactions between layers of protein adsorbed onto mica (8, (16) (17) (18) (19) (20) (21) . Cleaning and assembly of the apparatus were conducted in a dust-free laminar-flow hood. The two clean, dry mica sheets were brought together in the apparatus to determine whether the surfaces were clean. Observation of contamination at this stage aborted the experiment. One or both mica surfaces were immersed in the RNase A solution (0.1 mg/ml in 10 mM KCl, pH 5) within a small Teflon bath. The temperature of the room was controlled at 20 ± 0.50C. All solutions were in thermal equilibrium with room temperature for at least 6 hr before injection into the Teflon bath. The immersed mica surfaces were then separated by about 1 mm in the solution and adsorption of proteins was allowed to occur onto mica. The protein solution in the apparatus was drained and replaced by a pure 10 mM KCl solution after a 24-hr adsorption period. For the case where only one mica surface was initially immersed in the solution, the second mica surface, kept outside the solution, was then immersed and immediately used to measure the intermolecular forces. The force-distance measurements were made before and after the first draining. In addition, periodic replacement of this salt solution at 6 and 10 hr after the first draining was also performed and the force-distance profiles after each replacement were determined.
To study the effect of the ionic strength and pH on the interactions between two adsorbed, RNase A layers onto mica, the solution conditions in the apparatus were varied with different electrolyte concentrations from 0.1 to 100 mM KCl at pH 5 and with different pH values (pH 5 and pH 9.2, the pI of RNase A) at 10 mM KCl.
RESULTS AND DISCUSSION
Interaction Between Adsorbed RNase A Layer After Reaching Maximum Coverage and an Initially Clean Mica Surface. One of the mica surfaces was immersed in the RNase A solution, while the other mica surface was kept outside the solution. After 24 hr and the attainment of maximum coverage, the protein solution was replaced by 10 mM KCI without protein and the second mica surface was immersed into the solution. Then, the compressive force (FIR) between the two surfaces as a function of separation distance (D) was measured. With the insertion of the second surface as the starting point, the forces (FIR) between the surfaces were measured sequentially for the same experiment after 0, 1, 4, and 14 hr. In all the plots in Fig. 1 , a strong repulsive force is evident at short separation distances. Also, jump-out hysteresis is observed during decompression while jump-in hysteresis is observed at >20 nm. A minimum in the attractive energy greater than 500 1LN m-1 can be detected and an attractive force appears during compression at about 55-60 nm. With time, the separation distance (or total layer thickness) at the minimum force increases, as does the point ofjump-in. The attractive forces, however, at both the minimum and the jump-in point decrease with time. Each ofthese observations is discussed separately below.
First, it is instructive to compare the initial thickness ofthe adsorbed hydrated RNase A layer after 24 hr with that reported previously. We had found (8) that after 24 hr with both mica surfaces in the enzyme solution, the combined two adsorbed hydrated layers were 8.5 nm thick. In Fig. 1 The arrows at the end of the dashed and solid lines represent "jump-in" and "jump-out," respectively. During compression, as the attractive force increases and becomes greater than the resistance of the cantilever spring system, the surfaces jump-in. The reverse occurs during separation when the separating force of the spring system becomes greater than the adhesion force between the two layers and the surfaces jump-out. Between measurements, the mica surfaces were held about 1 mm apart. Ultrapure water was used for all experiments. again implying that the RNase A molecules are attached to the mica end-on. As some of the RNase A molecules attach to the second, initially clean mica surface, the combined layer thickness increases linearly with the square root of time (correlation coefficient, r = 0.9946; data not shown), as discussed before (8 aration of 5.6 nm. This latter separation for short-range steric repulsion has not been observed. In this experiment, a fully covered surface of adsorbed RNase A molecules was compressed with an initially clean mica surface without protein in the bulk solution. Under these conditions, the previously adsorbed RNase A molecules on the covered surface can also attach to the clean surface and exhibit an attractive interaction (9) . The data shown in Fig. 1 are similar in form to that predicted by Scheutjens and Fleer (9) for polymer adsorption as a function of fractional coverage. Using these data, we have plotted the maximum attractive force at the minimum of the FIR vs. D curve (2irE,,,I = Fw./R) against the inverse square of separation distance at this minimum (DX) according to Eq. 1 (Fig. 2) . From the intercept a relatively small value of the constant A = 109.4ANm-1 is obtained, suggesting that the aqueous solution is nearly a 9 solvent for RNase A. For Scheutjens and Fleer's (9) lattice model with the fraction of nearest neighbors in the same and in each of the adjacent layers equal to 0.5 and 0.25, respectively, the constant B/kT is nearly -1.8 for 100 segments per polymer chain. From our measurements we obtain B/kT of -1.3 for 124 amino acids per protein chain. Given the assumptions in the model and experimental error, this value for B is extremely close to that predicted by the model and, together with the linear plot in Fig. 2, represents radius of the mica surface, R, is plotted in Fig. 3B as a function of separation distance, D. The curve consists of two linear components connected at a "knee." The short-range steric force-distance curve is very steep, whereas the longrange repulsive forces decay exponentially with a decay length of 7.8 nm. The measured decay length is much larger than the Debye decay length (3.0 nm in 10 mM KCl). The adsorbed layer thickness, 4.3 ± 0.3 nm, on each mica surface was obtained from half the distance at which the steric interaction occurred (i.e., the knee).
In addition, the density of fixed charge groups contained in the surface layer, N, can be estimated from the intercept of the solid curves at the knee. The effective surface potential, f, right at the aqueous/surface charge layer interface can then be evaluated according to the Grahame equation (14) and is equal to 23 mV. This small surface potential does satisfy the requirement for applying the Debye-Huckel approximation in the membrane model of Ohshima et al. (12) . The electrokinetic potential of dissolved RNase A in free solution measured by Norde (23) at pH 5, salt concentration 10 mM, and 25°C was 25 mV. The measured surface potential 4i = 23 mV at the end of the adsorption period is close to this electrokinetic potential. This observation, together with earlier geometric arguments (8) , supports the complete surface coverage of RNase A onto the mica sheet.
The predicted result from Ohshima's membrane model (Eq. 3) using the Debye decay length (K-1 = 3 nm in 10 mM KCI) is displayed by arrows in Fig. 3B . Clearly, the longrange repulsive forces measured in protein solution are much stronger than those expected from Ohshima's electrostatic membrane model based on the Debye decay length. Perez and Proust (18) have also observed the presence of strong repulsion forces at unusually long range between the adsorbed mucin layers. To investigate these long-range forces, protein solution in the apparatus was periodically replaced with pure aqueous electrolyte after 24 hr.
The protein solution in the Teflon bath was replaced with 10 mM KCI (flushing) after 24 hr. Remaining RNase A in the apparatus was monitored by UV spectroscopy (resolution of +0.002 mg/ml for RNase A at 280 nm). No detectable RNase A remained in the solution of the apparatus after the first flush. This salt solution was replaced with fresh 10 mM KCI 6 and 10 hr after the first flush. The force-distance profiles after 24 hr remained relatively invariant with respect to the force-distance measurement at 24 hr (before flush) even after several flushes (data not shown). No dramatic change in the amount of adsorbed RNase A appeared to occur on flushing. Thus, RNase A is most likely irreversibly adsorbed onto mica. In addition, periodic flushing had little influence on the long-range repulsion force. This seems to rule out the ordering of macrosolutes in dilute solution (24) as a possible cause of the unusually long-range repulsion forces.
The pure 10 mM KCI in the Teflon bath after the first flush was replaced by aqueous electrolyte with different ionic strengths at pH 5. Forces measured between two mica surfaces on which RNase A was adsorbed (after 24 hr) in 100, 1, and 0.1 mM KCl are shown in Fig. 3 A, C, and D, respectively. Ohshima's model is also plotted in Fig. 3 and displayed by the arrows. These results are compared with those for 10 mM KC1 (Fig. 3B) .
The expansion of the adsorbed chains from 3.9 nm (in 100 mM KCl) to 4.7 nm (in 0.1 mM KCl) in average thickness on each surface and the increase of the steric interactions (the decrease of the compressibility) at lower ionic strength were caused by the reduced Debye-Huckel screening of protein charges at lower ionic strength. Characteristic data of these measurements are summarized in Table 1 . The decay lengths measured at lower ionic strength (11.7 nm in 1 mM KCl and 28.5 nm in 0.1 mM KCl) are closer to the Debye decay length (9.6 nm in 1 mM and 30 nm in 0.1 mM).
By reducing the electrostatic repulsive forces (with an increase in ionic strength), the repulsion of protein molecules could be diminished by attractive hydrophobic interactions resulting in (i) lower short-range steric repulsion and a more compact adsorbed layer and (ii) lower long-range repulsion due to less-stable agglomerates (weaker bridging of dimers, trimers, and contaminants, etc.).
Effect ofpH. The pure 10 mM KCl solution at pH 5 in the Teflon bath after the first flush was replaced by the 10 mM KCl at pH 9.2, the pI of RNase A. The pH was adjusted with NaOH solution. Forces measured between two mica surfaces adsorbed with RNase A in 10 mM KCl at pH 9.2 and 20 ± Fig. 3B . The results are compared with the force-distance measurements at pH 5 and 10 mM KCI and are also summarized in Ay reducing the electrostatic repulsive forces (with a decrease in the H' concentration), the repulsion of protein molecules could be diminished by attractive hydrophobic interactions, resulting in lower short-range steric repulsion and a more compact adsorbed layer (23) . The more extended long-range repulsion is difficult to explain. One possibility is that the molecules (i.e., contaminants such as DNase) that extend into the fluid have their pI closer to pH 5 than to pH 9.2, causing them to be less compact at the higher pH. DNase is a well-known contaminant of RNase A preparations, with its optimum activity between pH 7.5 and 8.5. For example, DNase I isolated from bovine pancreas is a 30-kDa endonuclease that interacts with DNA predominantly through electrostatic interactions (25) .
CONCLUSION
Adsorbed layers of RNase A in aqueous solution attract inorganic mica surfaces while they repel similarly adsorbed RNase A layers. As the clean mica surface is covered with RNase A, the attractive interaction slowly diminishes with time and eventually converts to a purely repulsive interaction. Solvent is squeezed out of the solution in the gap during compression of the two surfaces. As a result, the adsorbed protein concentration, as measured directly by the refractive index, increases significantly (data not shown). The kinetics of this process has been analyzed using surface forcedistance measurements. At very large distances the interaction force between the layers is zero, whereas at very short distances, when most of the solvent has been squeezed out from the gap, the repulsive force is extremely high. All these results 'are predicted for constrained equilibrium by Scheutjens and Fleer's (9) lattice model. We also obtain, as predicted by the Scheutjens-Fleer theory, a fairly good linear correlation (r = 0.9754) between the maximum attractive force at the minimum of the force-distance curve and the inverse square of separation distance at this minimum. Reasonable values were obtained for the intercept, indicating that the aqueous solution is close to a 6 solvent, and for the slope, indicating lattice packing with the fraction of nearest neighbors in the same layer to be 0.5. We also report on the equilibrium behavior and interaction of densely adsorbed RNase A layers in aqueous solutions of varying ionic strength and pH. With increasing ionic strength, intramolecular forces dominate with diminished electrostatic repulsion. Thus, the adsorbed protein layer becomes more compact while unattached protein molecules coil and fold, making them less likely to form strong intermolecular bridges. Only at very low ionic strength (0.1 mM KCl), when electrostatic forces dominate, does the membrane potential model of Ohshima et al. (12) come close to predicting the long-range repulsive behavior. Thus at higher ionic strengths other interactions besides electrostatic ones (e.g., hydrophobic) possibly dominate. An increase in the pH of the solution from 5 to 9.2, the pI of RNase A, significantly reduces the electrostatic repulsion between protein molecules in favor of hydrophobic attractive interactions. This results in lower short-range steric repulsion that occurs at shorter separations. However, in contrast to the ionic-strength effect, a long-range repulsive force with a much longer decay length is observed. Clearly, this results in a thinner and denser adsorbed layer with molecules, possibly contaminants such as DNase, protruding into the solution.
Finally, for the kinetic studies, two characteristic length scales-the thickness of the adsorbed layer and the jump-in distance-vary linearly with the square root of time. This is consistent with our earlier results (8) and once again implies a diffusion-driven process. It is conceivable that, as some of the protein on the fully covered surface leave it and attach to the initially clean surface, the close packing and hence end-on orientation of the protein molecules revert back to the loose packing with side-on orientation. Very slow changes occur over 14 hr as characterized by effective diffusivities of 3 x 10-21 to 6 x 10-22 cm2s-1.
